The psbA gene is the coding locus for a polypeptide of 32 kilodaltons that is involved in electron transport through photosystem II. The 4.9 kilobasepair (kbp) EcoRI restriction endonuclease fragment EcoI from the 145 kbp Euglena gracilis chloroplast DNA was shown to encode psbA.
INTRODUCTION
The "32 kilodalton" polypeptide of chloroplast thylakoid membranes is a rapidly metabolized polypeptide thought to be a "proteinacious shield" associated with photosystem II.1,2*3 It appears to be involved in the transport of electrons from photosystem II, and may confer sensitivity to the herbicides diuron and atrazine in PS II.2,4 The gene coding locus (psbA) for the 32 kilodalton (kd) polypeptide is found in the chloroplast genome, and has been localized and identified in maize,5 spinach,6 ricotians debneyi7 and Euglena8'9 chloroplasts.
The psbA gene polypeptide product has been studied in many organisms.
Comparisons have been made between the photogene protein from maize,10 peak D from peas,11 protein D-1 from Chlamydomonas,12 and the 32 kd polypeptide from Spirodeia. 2 They were found to be virtually identical. Significant homologies have been found in the structural properties of the 32 kd protein of all angiosperms studied to date.13
The complete DNA sequence for the psbA gene is known in spinach, N. debney,7 and Amaranthus hybridus.14 The amino acid sequence for the 32 kd protein derived from the gene sequence of spinach and N. debneyi is 100% conserved. There is one amino acld substitution in A. hybridus, and one additional change in the atrazine resistant biotype.14 In Spirodela, the 32 kd protein is synthesized in amounts comparable to the large subunit of ribulose-bisphosphate carboxylase. The protein has an extremely rapid turnover rate, 50 to 60 times more rapid than that of the large subunit.15 It appears that there is an abundance of the psbA mRNA, but comparatively low levels of the protein itself. The 32 kd polypeptide levels appear to be induced and controlled by light.2"16 This makes the psbA gene an especially good candidate for studies on gene regulation during light induced chloroplast development.
Euglene is a particularly suitable organism for the study of chloroplast encoded mRNAs. It may be grown in the absence of light, subsisting solely upon organic carbon sources. When grown in the dark, the chloroplasts revert to a proplastid state. Upon exposure to light, these proplastids develop into functional chloroplasts over a period of 72 hours.17 '18 Changes in Euglena thylakoid polypeptides during chloroplast development have been described. 19 '20 Euglena RNA transcripts may be isolated at varying periods during this greening process. It has been shown that some transcripts decrease in abundance during development while others increase.21 '22 In this paper, we will report on our studies on the 4.9 kbp EcoRI restriction endonuclease fragment of EcoI of the 145 kbp Euglena gracilis chloroplasat DNA. We have identified three gene loci within EcoI. One of these loci, the psbA gene, was chosen for extensive study. Through experiments involving the hybridization of radiolabeled psbA probes to cellulose nitrate filter blots of Euglena RNAs, we have detected at least five psbA transcripts. Studies were undertaken to determine the effect of light induced chloroplast development on these pabA gene transcripts. Eugiena chloroplast DNA restriction fragments were ligated into plasmid vector restriction sites by standard procedures.25 pEZC514 consists of the Ecol fragment from Euglena chloroplast DNA ligated into pBR322. pEZC25 consists of the HindlIl 10 fragment, which is a 3.6 kilobasepair (kbp) internal fragment of EcoI, ligated into pBR325. Individual fragments from this plasmid were purified from polyacrylamide gel slices by a modification of a crush and soak procedure. 26 Whole cell Euglena RNA was purified, as previously described,27 with aurintricarboxylic acid employed as a nuclease inhibitor. Prior to RNA extraction, aliquots of cells from the different developmental stages were stored at -70°C. Restriction Endonuclease Mapping and Localization of psbA Localization of psbA within EcoI was accomplished through a heterologous membrane filter hybridization approach. Restriction nuclease fragments were transferred from agarose gels to nitrocellulose filters. 28 The solution for heterologous hybridization reactions contained 0.75 M NaCl, 0.075 M sodium citrate, 15% formamide, 0.075M NaPO4 (pH 7.0), 200 pg/ml degraded Herring Sperm DNA, 1 X Denhardt's solution,29 and one or more psbA specific radiolabeled DNA probes. Hybridizations were carried out in a minimal volume in a Seal-a-Meal bag at 41°C for 24 hours. The filters were washed in the bag with three 50 ml washes of 0.75 M NaCl, 0. is within EcoI. This result has been presented as a preliminary report,15 '33 and was confirmed by Keller et al.9 In order to study the psbA locus and its transcripts in more detail, EcoI DNA was purified and cloned in pBR322. This recombinant plasmid is designated pEZC514. Further hybridizations were done to localize the gene within EcoI. In lane C of Figure 1 the resulting psbA probe hybridization to EcoRI-PvuIIHindIII digestion products of pEZC14 DNA is shown. Shown in the autoradiogram is the psbA probe hybridization to a PvuII-H.indIII fragment and the adjacent 1.1 kbp H-indIII fragment which are both internal to EcoI. A detailed restric- Figure 3 . In order to confirm the identification of the psbA locus in EcoI, the complete DNA sequence of EcoI has been determined. This work will be described elsewhere (G. D. Karabin, M. Farley, J. 0. Narita, and R. B. Hallick, manuscript in preparation). The results most germane to the gene expression studies to be described below are as follows: (1) The Euglena chloroplast psbA amino acid sequence derived from the DNA sequence has 87% homology to that of spinach and X. debnel.7 (2) The Euglena psbA locus is interrupted by four introns ranging in size from 434-617 bp. The organization of exons and introns, and the gene polarity are illustrated in Figure 2d . (3) The minimum length of the gene from the AUG-start codon to the UAA-termination codon is 2967 bp. (4) (Figures 2c, 5) , and 32P-radiolabeled by nick translation. Each probe was hybridized to identically prepared membrane filter blots containing electrophoretically separated RNA from the seven stages of chloroplast development described above. The results for either the 60 hour or 72 hour RNA sample with each of the 32P-DNAs are shown in Figure 5 . The finfI fragments of 1100-1500-700-140-900 bp, which are adjacent on the LEcoI physical map (Figures 2c, 5 ), all hybridize to the same five RNAs of size 3.1, 2.8, 2.3, 1.8, and 1.2 kb. Based on physical mapping and the DNA sequence data described above and illustrated in Figure 2 , these f1.nfI fragments are known to include the psbA coding locus and psbA intervening sequence(s). These RNAs must all therefore be derived from the psbA transcription unit. The primary transcript is at least 3.1 kb in length. The 2.8, 2.3, 1.8, and perhaps the 1.5 kb RNAs must be partially processed precursors of the mature 1.2 kb psbA mRNA. At least some of these precursor transcripts, including the 3.1 kb pre-mRNA, contain unspliced introns.
MATERIALS AND METHODS
A second EcoI gene transcript was detected by hybridization to the adjacent 260-340-1100 bp ArinfI fragments ( Figure 5 ). This gene is separated from the psbA locus by a tRNA coding region containing a tRNALeu gene in the 1100 bp I1infI fragment (G. D. Karabin and R. B. Hallick, submitted for publication). The major transcript detected by membrane filter hybridization is 1.5 kbp ( Figure 5 ). This RNA was also detected with pEZC514 DNA as probe. In addition, a weak 1. To obtain further evidence that the transcripts of EcoI are at least in part unprocessed psbA mRNA precursors, a hybridization probe of defined exon sequence was prepared. With reference to the restriction map of EcoI ( Figure  2) , the 270 bp HlinfI-Wh,aI fragment contains exon sequence homologous to codons 140-231 of the spinach psbA locus,7 but lacks intron sequences (G. D. Karabin and R. B. Hallick, unpublished observations). These restriction nuclease sites are also present in spinach chloroplast psbA. This fragment was radiolabeled in two different strand specific reactions. The 1500 bp hrinfI fragment was first 5'_32P end labeled with polynucleotide kinase, and then treated with HhaI to yield 5'-end label on the DNA template strand. The 5'-end labeled 270 bp HfinfI-HhaI DNA fragment was subsequently purified via polyacrylamide gel electrophoresis. Alternatively, the 5'-end labeling was initially at the HhaI site, followed by hinfI digestion and fragment purification, to yield, as a control, a probe with the "mRNA-like" sequence radiolabeled.
The two 32P-DNAs were then hybridized to membrane filter blots of RNAs from various chloroplast development stages as described above. The DNA probe 5'-end labeled on the template strand, and thus complementary to psbA mRNA, hybridized to RNAs of 3.1, 2.8, 2.3, 1.8, and 1.2 kb as expected for the psbA transcripts. The gel region containing the 1.5 kb RNAs was not clear in this experiment. Furthermore, the changes in hybridization signal during development parallel those described above ( Figure 6 ). The control probe, 5'-end labeled on the RNA-like strand, gave a very weak signal at 1.2 kb. It took six times longer for this very faint signal to appear than it did for the very strong DNA template signal. We conclude that the weak signal is due to slight contamination of the RNA-like probe by DNA template specific psbA sequences. This confirms the conclusion that the 3.1, 2.8, 2.3, and 1.8 kb Ecol transcripts are all psbA mRNA precursors, some of which must contain unspliced intervening sequences. Hybridization of a psbA Intron-specific DNA Probe to Unspliced psbA Precursor mRNAs As a final confirmation that the 3.1, 2.8, 2.3, 1.8, and 1.5 kb RNA transcripts of EcoI are unspliced psbA pre-mRNAs, a defined intron-specific sequence was employed. The synthetic oligonucleotide 5'-GATGTTATTCTTTC was constructed to complement transcripts of intron 2 (G. D. Karabin, M. Farley, J. Narita, and R. B. Hallick, in preparation). The tetradecamer was radiolabeled at the 5'-end with polynucleotide kinase, and hybridized to a blot of electrophoretically separated RNAs. In order to determine the position of pre-mRNAs, this blot had previously been hybridized to a psbA probe containing DNA from the 5'-leader region through exon 3. The results of this experiment are shown in Fig. 7 Left, the probe was a nick translated 1337 bp ThaI-HfhaI fragment, which contains DNA sequences from the trnL-psbA spacer (ThaI site) to an internal site in exon 3 (HfhaI site). Right, the same blot was treated at 95°C in 0.1 X SSC (1 min) and then washed in 20 X SSC at 22C to remove the probe, re-exposed to X-ray film to determine that all radioactivity had been removed, and then re-hybridized with 5 -32P-GATGTTATTCTTTC.
shown) an intron 1 specific synthetic oligonucleotide, complementary to the opposite strand of DNA as the intron 2 probe, gave no detectable hybridization to any chloroplast RNA. Figure 2 , the locus of these genes can now be described. There is a significant increase in the level of psbA mRNA transcription during the course of light induced chloroplast development. The increase has not been rigorously quantitated. Based on densitometry of X-ray films from various Northern hybridization experiments, we estimate approximately a fivefold increase in RNA during the 72 hour period of chloroplast development. The largest increase in mRNA occurs during the zero hour to twelve hour time interval. There is no major shift during chloroplast development in the proportion of transcripts of the various precursor size classes. Rawson 
DISCUSSION

